Context: Traditional risk factors for type 2 diabetes mellitus are weak predictors of changes in glucose tolerance and insulin sensitivity in youth.
and insulin sensitivity in youth (5) . However, early alterations in several circulating nonglucose metabolites may be associated with reduced insulin sensitivity (6, 7) and the development of T2DM (8) (9) (10) (11) as well. Elevated fasting concentrations of branched-chain amino acids (BCAAs; i.e., leucine, isoleucine, and valine) (8) and a-hydroxybutyrate (9-11) have been associated with insulin resistance (IR) and T2DM in adults. Furthermore, metabolomic studies using oral glucose-tolerance testing (OGTT) have found altered excursions of several metabolites in nondiabetic adults with IR (6, 7) . Among these metabolites, BCAAs, b-hydroxybutyrate, and lactate are of particular interest because they reflect different axes of insulin action, namely, proteolysis, ketogenesis, and glycolysis (6, 7) . These initial studies have provided the framework for further investigation of these small molecules as potential biomarkers for risk stratification and early recognition of T2DM, as well as for understanding mechanisms underlying IR.
Results obtained in adults may reflect the presence of possible confounders, such as smoking, alcohol consumption, age-related IR, and metabolic adaptive changes after long-standing disease. To exclude the known impact of these confounding factors on metabolism, metabolomic studies have been repeated in children and adolescents, leading sometimes to unexpected or contradictory findings (12) (13) (14) (15) . Conflicting results might be due to different study population characteristics as well as a low sensitivity of fasting metabolite analyses in detecting subtle alterations of insulin-induced fuel processing that mark incipient IR in youth. However, these alterations may be revealed by measuring plasma metabolites during an OGTT, a challenge that provides a dynamic view of biochemical changes produced by glucose-induced hyperinsulinemia. To our knowledge, no previous studies in youth have evaluated plasma profiles of relevant nonglucose metabolites during an OGTT or the putative association of these alterations with longitudinal changes in glucose control.
To characterize early metabolic changes induced by IR in youth, we applied a proton nuclear magnetic resonance spectroscopy ( 1 H-NMR) procedure (16) to measure plasma concentrations of six metabolites at fasting and during an OGTT. These include BCAAs, a-hydroxybutyrate, b-hydroxybutyrate, and lactate, which reflect different axes of insulin action and have been implicated in the pathogenesis of T2DM in adults. We found that fasting levels of a-hydroxybutyrate and the time courses of a-hydroxybutyrate and BCAAs in response to a glucose challenge characterize IR in youth. We further determined that alterations in the processing of these metabolites might predict longitudinal deterioration in glucose tolerance and b-cell function relative to insulin sensitivity.
Material and Methods

Study cohort
Seventy-eight nondiabetic children and adolescents, age 8 to 18 years, were recruited from the Yale Pediatric Obesity Clinic. All participants had a detailed medical history, including information on absence of alcohol consumption and smoking, and a complete physical examination. Subjects with medical conditions or using medications that may affect glucose, amino acid, or lipid metabolism were excluded. A standard OGTT [1.75 g/kg body weight, up to 75 g (17) ] was performed in all subjects at the Yale Clinical Center for Investigation after an overnight fast (10 to 12 hours) (18) . After a follow-up of 2 years, a subgroup of 16 participants underwent a second OGTT to assess longitudinal changes in glucose control and indexes of insulin sensitivity and secretion. Insulin sensitivity was calculated using the OGTT-derived Whole-Body Insulin Sensitivity Index (WBISI) (19) , and the acute insulin response was estimated using the Insulinogenic Index (IGI) (20) . The oral Disposition Index (DI) was then calculated as the product of the WBISI and the IGI (21) . Subjects were stratified into tertiles according to the individual WBISI. Before the formation of the three groups, we were unaware of potential differences in any of the outcomes measured.
The study was approved by the Yale University Human Investigation Committee. Written informed parental consent and written child assent were obtained from all participants. All clinical investigations were conducted according to the principles expressed in the Declaration of Helsinki.
Biochemical analyses
Plasma glucose levels at 0, 30, 60, 90, and 120 minutes during the OGTT were determined immediately using the YSI 2700 STAT glucose analyzer (Yellow Springs Instruments, Yellow Springs, OH). Plasma insulin levels at 0, 30, 60, 90, and 120 minutes during the OGTT were measured using double antibody radioimmunoassay from Millipore (Billerica, MA).
Metabolite analyses were performed using a novel, targeted, quantitative 1 H-NMR metabolomics technique that was recently developed and validated by our group (16) . During the OGTT, venous blood samples were drawn at 0, 30, 60, 90, and 120 minutes into heparin-containing tubes. Tubes were chilled on ice and centrifuged within 1 hour. Plasma samples were stored at 193K before analysis, when a 300-mL plasma sample was taken and diluted with 300 mL of solution containing 250 mM phosphate buffer (pH 7.4), 5 mM formate, and 10% D 2 O. All 1 H-NMR analyses were performed on a Bruker 11.74 T magnet (500.13 MHz for 1 H) interfaced to an Avance III spectrometer equipped with triple-axis gradients (both Bruker Corp., Billerica, MA). The MR pulse sequence consisted of an adiabatic double-spin echo in which low and high diffusionweighting was introduced with bipolar magnetic field gradients achieving diffusion weighting b factors of 0.01 and 15 ms/mm 2 , respectively. All samples were measured at 298K with 96 averages and a repetition time of 6000/3000 ms for low/high b value acquisitions. Data preprocessing included zero-filling to 32,000 points, fast Fourier transformation, zero-order phase correction, and chemical shift referencing of formate to 8.444 ppm. 1 H-NMR spectra were quantified with a modified spectral fitting algorithm that simultaneously uses the lipoprotein and metabolite signals as previously described (16 
Statistical analyses
Cross-sectional differences in patient characteristics were tested using one-way analysis of variance or x 2 tests for continuous and categorical data, respectively. If these tests revealed significant effects, post hoc pairwise comparisons between groups were performed using Dunnett tests. Areas under the curve (AUCs) were calculated by the trapezoidal rule. Correlations between variables were tested using Spearman rank correlations. General linear models were used to test for association between insulin sensitivity (WBISI tertile) and metabolite concentrations at fasting and throughout the OGTT (AUCs), adjusting for age, sex, ethnicity, and body mass index (BMI) z-score. To control for the potential confounding effect of different development stages in our pediatric population, the model was further corrected by including the Tanner stage as a covariate. Mixed-model repeated measures analysis was performed to compare OGTT profiles between WBISI tertiles by including time, WBISI tertile (WBISI), and time-WBISI tertile interaction (Time-WBISI) as fixed factors and subject as random effect, with unstructured covariance matrix to account for correlations between repeated measurements within the same individuals. The mixed model was further adjusted for potential confounding factors by including age, sex, ethnicity, and BMI z-score as covariates.
Based on these results, general linear regressions were used to test for correlations between longitudinal changes in indices of glucose control, insulin sensitivity, and insulin secretion [i.e., fasting and 2-hour glucose concentrations, hemoglobin A1c (HbA1c), WBISI, IGI, DI] and baseline fasting concentrations of a-hydroxybutyrate, its excursions throughout the OGTT (AUC), as well as the excursions of BCAAs, adjusting for changes in BMI z-score over time and follow-up duration. Multivariate linear regression analysis was also used to test for association between known metabolic risk factors (including fasting and 2-hour glucose levels, fasting insulin level, HbA1c, and BMI z-score) and changes in the DI, 2-hour glucose levels, and WBISI over time. We further assessed the effect of adding a-hydroxybutyrate AUC or its concentrations at either fasting, 90 minutes, and 120 minutes on the ability of the model to predict deteriorations of glucose control. Statistical tests were conducted using a two-sided a level of 0.05. Data are represented as mean 6 standard deviation, unless otherwise specified. Statistical analyses were performed using JMP Pro 11.2.0 (SAS Institute, Cary, NC).
Results
Study cohort characteristics
Study participants were divided into three groups (tertiles) according to the individual WBISI (n = 26 for each group). The main anthropometric and metabolic characteristics of the three tertiles are shown in Table 1 . Groups were matched for age, sex, and ethnicity. As expected, adolescents with lower insulin sensitivity (first WBISI tertile) had higher BMI, BMI z-score, fasting and 2-hour glucose levels, fasting insulin level, hemoglobin A1C, IGI, triglyceride levels, transaminase levels, and lower DI and HDL cholesterol levels than adolescents with higher insulin sensitivity (third WBISI tertile). Sixteen subjects underwent a second OGTT after a followup of ;2 years. The main features of participants included in the longitudinal analyses were similar to those of the whole study population, including age (15.4 6 3.1 years; P = 0.52), sex (nine males and seven females; P = 0.33), ethnicity (nine whites, two blacks, three Hispanics, two Asians; P = 0.83), BMI (30.5 6 7.1 kg/m 2 ; P = 0.50), BMI z-score (1.76 6 1.03; P = 0.67), WBISI (2.23 6 1.86; P = 0.28), IGI (3.15 6 1.6; P = 0.75); DI (4.4 6 1.5; P = 0.07), HbA1c (5.4% 6 0.3%; P = 0.91), and levels of fasting glucose (92.3 6 6.9 mg/dL; P = 0.08) and 2-hour glucose (122.3 6 27.5 mg/dL; P = 0.21).
Association between fasting metabolite concentrations and insulin sensitivity in youth
Fasting concentrations of a-hydroxybutyrate correlated with WBISI (r = 20.31; P = 0.010), IGI (r = 0.33; P = 0.006), and BMI z-score (r = 0.27; P = 0.027), and significantly differed among the three groups (P = 0.02; Figs. 1 and 2 ). In particular, higher levels were found in the first and the second WBISI tertiles compared with the third tertile [ Fig. 2(a) ]. This difference in fasting a-hydroxybutyrate concentrations remained statistically significant after correction for age, sex, ethnicity, and BMI z-score (P = 0.035) and when the model was further adjusted for individuals' Tanner stage (P = 0.014). The same trend was observed for fasting concentrations of the BCAAs valine (P = 0.096), leucine (P = 0.092), and isoleucine (P = 0.115), but not for lactate and b-hydroxybutyrate after adjustment for confounding factors.
Effects of glucose-induced hyperinsulinemia and insulin sensitivity on metabolite processing
Plasma concentrations of all examined metabolites showed significant changes in response to an oral glucose challenge (time effect, P = 0.0001; Fig. 1 ; Table 2 ). a-Hydroxybutyrate and BCAA levels were consistently increased throughout the OGTT in adolescents with lower WBISI (WBISI effect, P , 0.03 for all). The AUC of a-hydroxybutyrate, in particular, was correlated with WBISI (r = 20.33; P = 0.013) as well as DI (r = 20.36; P = 0.010), BMI z-score (r = 0.26; P , 0.050), and 2-hour glucose (r = 0.46; P = 0.0004), and was significantly different between groups (P = 0.04), being higher in the first than in the third WBISI tertile [P = 0.025; Fig. 2(b) ]. The difference in a-hydroxybutyrate AUC among WBISI tertiles remained statistically significant after correction for age, sex, ethnicity, Tanner stage, and BMI z-score (P = 0.034). In addition, the specific shape of its profiles also differed between tertiles (time-WBISI interaction effect, P = 0.02), underlining group differences in a-hydroxybutyrate metabolic processing in response to high glucose and insulin levels. Plasma a-hydroxybutyrate levels in the first and third WBISI tertiles were distinctly separated and remained relatively stable throughout the OGTT, whereas in the second tertile levels gradually declined, shifting from the high fasting values characteristic of adolescents with IR (first tertile) to the low postload concentrations typical of more insulin-sensitive adolescents (third tertile). This observation suggests that differences in a-hydroxybutyrate profiles during an OGTT can identify a subgroup of subjects in the earliest stages of metabolic decompensation.
Correlation between metabolic features of IR in youth and longitudinal changes in glucose homeostasis
To examine the correlations between metabolic alterations identified in insulin-resistant youth and longitudinal changes of glucose control and indices of insulin secretion and sensitivity, a subgroup of adolescents was re-evaluated after a follow-up of 2.3 6 0.6 years. In the univariate analysis, deterioration of the DI, a measure of b-cell function relative to insulin sensitivity, showed a robust correlation with a-hydroxybutyrate AUC (r = 20.50; P = 0.05) and its levels at fasting (r = 20.53; P = 0.036), 90 minutes (r = 20.50; P = 0.048), and 120 minutes (r = 20.53; P = 0.036) at the outset of our study [ Fig. 3(a) ]. Similarly, an impairment in glucose tolerance over time, as indicated by higher 2-hour glucose level, was associated with larger baseline a-hydroxybutyrate AUCs (r = 0.65; P = 0.006), as well as higher levels at 90 minutes (r = 0.53; P = 0.03) and 120 minutes (r = 0.58; P = 0.02; Fig. 3(b) ].
After adjustment for BMI changes and follow-up duration, the associations between changes in DI and a-hydroxybutyrate AUC [b, 27.89; standard error (SE), 3.34; P = 0.036] and 90-and 120-minute concentrations (b, 26.84; SE, 1.81; P = 0.003; b, 26.98; SE, 3.03; P = 0.04, respectively) remained statistically significant. The association between DI and fasting a-hydroxybutyrate came close to statistical significance (b, 26.44; SE, 3.12; P = 0.06). Similarly, the associations between changes in 2-hour glucose and baseline a-hydroxybutyrate AUC (b, 79.8; SE, 25.0; P = 0.01), and 90-and 120-minute concentrations (b, 41.3; SE, 19.1; P = 0.05; b 72.3; SE 22.3; P = 0.01, respectively) remained statistically significant after adjustment for confounding factors. Adding a-hydroxybutyrate levels to a model including most known metabolic risk factors (i.e., fasting and 2-hour glucose levels, fasting insulin level, HbA1C, and BMI z-score) significantly increased the ability to predict deteriorations in DI and glucose tolerance over time (Table 3 ).
Discussion
Using a 1 H-NMR procedure, we measured plasma concentrations of six metabolites, including a-hydroxybutyrate, BCAAs, b-hydroxybutyrate, and lactate, in 78 nondiabetic adolescents. These metabolites reflect different axes of insulin action (i.e., proteolysis, ketogenesis, and glycolysis) and have been implicated in the pathogenesis of T2DM in adults. Metabolite concentrations at fasting and their time courses under glucose-induced hyperinsulinemia revealed early metabolic perturbations in subjects with impaired insulin sensitivity. In particular, we found higher fasting a-hydroxybutyrate concentrations and higher a-hydroxybutyrate and BCAA levels in response to an oral Furthermore, we tested whether these newly identified alterations related to IR could predict deteriorations of glycemic control in youth. Our longitudinal data indicate that increased baseline a-hydroxybutyrate concentrations during an oral glucose challenge are associated with worsening of glucose tolerance and DI over time.
In this study, we have identified a-hydroxybutyrate as a key marker of insulin sensitivity in youth. Our results confirm that fasting a-hydroxybutyrate concentrations are negatively related to insulin sensitivity, as it has been reported in adults (9-11, 23, 24) and in children (13) [ Figs. 1 and 2(a) ]. Moreover, we found that early impairment of insulin sensitivity alters the minute-to-minute metabolic processing of a-hydroxybutyrate under glucoseinduced hyperinsulinemia, as evident from different plasma time courses in response to a glucose challenge between individuals with different degrees of insulin sensitivity. Indeed, the two extreme WBISI tertiles (first and third) showed parallel but distinct plasma a-hydroxybutyrate profiles throughout the OGTT (Fig. 1) . This is contrasted by subjects with a borderline WBISI (second tertile), in whom a-hydroxybutyrate levels gradually declined throughout the test, shifting from the high fasting values typical of adolescents with IR (first tertile) to the low postload concentrations characteristic of more insulinsensitive adolescents (third tertile). This metabolite profile helped identify a subgroup of subjects in the earliest stages of untoward metabolic decompensation.
To our knowledge, this is the first study investigating the response of a-hydroxybutyrate concentrations during an OGTT in youth. In adults, a previous study showed a a Individual and combined effects of glucose-induced hyperinsulinemia and insulin sensitivity status on metabolite processing during an OGTT were tested by mixed-model repeated-measure analysis including time, WBISI tertile, and time-WBISI tertile interaction as fixed factors and subject as random effect, with an unstructured covariance matrix to account for correlations between repeated measurements. The model was further adjusted for potential confounding factors by including age, sex, ethnicity, and BMI z-score as fixed factors. b Statistically significant. Figure 3 . Correlations between a-hydroxybutyrate AUC and plasma concentration at fasting, 90 minutes, and 120 minutes during an OGTT at study onset and Change of (a) DI and (b) 2-hour glucose tolerance after 2.3 6 0.6 years of follow-up in adolescent subjects (n = 16). Pearson correlation coefficients (r) and P values are shown. D, change in.
small reduction of a-hydroxybutyrate levels after a glucose challenge (21.17-fold change) and a positive correlation between greater a-hydroxybutyrate excursions and higher 2-hour glucose concentrations (b, 23.4; standard deviation, 8.7; P = 0.008) (6) . Several mechanisms linking the elevation of plasma a-hydroxybutyrate and IR have been suggested thus far (9, 10) . It is known that a-hydroxybutyrate is derived from the conversion of a-ketobutyrate catalyzed by lactate dehydrogenase (25) . a-Ketobutyrate, in turn, is a product of threonine and methionine catabolism, as well as of the anabolic pathway of glutathione (26), and is catabolized by pyruvate dehydrogenase (PDH) and branched-chain a-ketoacid dehydrogenase (BCKDH) complexes (27) . Elevated oxidative stress in IR may increase the demand for glutathione synthesis, which, in turn, increases methionine catabolism via cystathionine and a-ketobutyrate levels (28). Furthermore, the activity of both PDH and BCKDH complexes is closely regulated by several common factors, including insulin (29) . Therefore, decreased metabolic flux through PDH and BCKDH, as reported in T2DM (30, 31) , may increase plasma a-ketobutyrate by decreasing its catabolic rate in insulin-resistant individuals. Of note, because the ratio between a-hydroxybutyrate and a-ketobutyrate typically ranges between 10:1 to 30:1 (32), small changes in a-ketobutyrate concentrations that reflect incipient IR may produce large elevations in a-hydroxybutyrate levels, as observed in our cohort of adolescents. From a pathophysiologic perspective, increased a-hydroxybutyrate levels that mark early IR may also play a role in the impairment of b-cell function, which usually characterizes a later phase of diabetes development (33) . Indeed, in vitro studies have shown that both glucose-and arginine-mediated insulin release in b cells are inhibited by a-hydroxybutyrate in a dose-dependent manner (9) . Among the participants enrolled in this study, a subset of adolescents representative of the whole population underwent a second OGTT after a follow-up of ;2 years. This interval length was chosen to evaluate early changes in glucose control over a relatively short time while minimizing biases introduced by environmental factors. Similar to the evidence in adults (9), our longitudinal data revealed that baseline alterations of a-hydroxybutyrate levels relate to IR and can predict further deteriorations of glucose tolerance, as reflected by increases of 2-hour glucose concentrations, even after correction for possible changes in BMI and for follow-up duration [ Fig. 3(b) ]. Furthermore, we found that a-hydroxybutyrate concentrations in response to a glucose challenge were associated with deterioration of the DI over time [ Fig. 3(a) ]. Remarkably, the association with OGTT concentrations of a-hydroxybutyrate (AUC, 90 and 120 minutes) was more robust than the one with fasting a-hydroxybutyrate levels alone. This highlights the benefits of using dynamic testing such as an oral glucose challenge to reveal subtle metabolic alterations of early IR. These exploratory observations from a relatively small subset of subjects provide a clear framework for confirmatory and mechanistic follow-up studies in larger cohorts of adolescents.
Although perturbations of BCAAs have been consistently implicated in the pathogenesis of IR in adults (8) , studies in youth have produced conflicting results. In fact, previous reports showed either a positive (12, 15) , a negative (13, 34) , or no correlation (14) between plasma BCAAs and insulin sensitivity in adolescents and children. Conflicting results might be attributed to differences in study populations as well as to a low sensitivity of fasting metabolite analyses in detecting subtle metabolic alterations. Indeed, as suggested by our current data, mild alterations in BCAA metabolism that mark early IR may require challenge testing for identification ( Fig. 1; Table 2 ), which might explain the lack of correlation reported by some investigators.
Although the exact mechanisms underlying the elevation of plasma BCAAs in IR are not fully understood, several metabolic alterations have been proposed (35, 36) . These include an increase in the rate of appearance of BCAAs in the circulation, such as augmented dietary intake and tissue protein degradation, and factors that can reduce the rate of disappearance of BCAAs, such as lower protein synthesis and reduced BCAA tissue uptake, catabolism, and excretion (35, 36) . Most of these mechanisms are strictly dependent on insulin release and action; thus, a dysregulation of BCAA metabolism already present at fasting might become more evident under glucose-induced hyperinsulinemia, as during the OGTT. By analyzing the decline of plasma BCAA concentrations in response to glucose ingestion in our study, we could show that BCAA levels were persistently higher during the OGTT in adolescents with IR ( Fig. 1 ; Table 2 ). However, we did not find significant differences in the shape of BCAA profiles between insulin-sensitive and insulin-resistant subjects (i.e., a blunted suppression of BCAA levels during the glucose challenge in insulinresistant individuals). This observation contrasts with previous data from adults (6, 7) and may reflect an earlier stage of metabolic perturbation in our population or the absence of protective mechanisms in older subjects. The same considerations hold true for two other metabolites measured in this study, b-hydroxybutyrate and lactate, which showed blunted excursions in response to the OGTT in insulin-resistant adults (6, 7) but not in our younger population (Table 2) . Overall, because BCAAs, b-hydroxybutyrate, and lactate represent different axes of insulin action that appear to be impaired to varying degrees across the lifespan, these results reveal new insights into the progression of IR and support the need for further mechanistic studies.
In our cohort, we did not identify a relationship between altered BCAA concentrations and short-term longitudinal changes in insulin sensitivity, as had been previously reported in youth (14) . In the previous study, however, baseline concentrations of BCAAs predicted a worsening in insulin sensitivity only in insulin-sensitive adolescents. Because adolescents included in the earlier investigation had overall higher insulin sensitivity (WBISI, 7.00 6 4.02) than our subjects (WBISI, 2.23 6 1.86), the different population characteristics may explain these contrasting results. Because both studies were conducted in relatively small, albeit carefully characterized, cohorts (n , 20 for both), conclusions based on failure to reject the null hypothesis will require confirmation in larger prospective studies.
A strength of the current study is that the quantitative analysis of human plasma samples was performed by using an innovative 1 H-NMR method with several advantages: minimal sample preparation (limited to sample dilution), short NMR acquisition time (15 minutes per sample), and automated spectra analysis (16) . Together, these favorable features make this new analytical technique suitable for semiautomated and high-throughput measurements of metabolic markers of IR, providing a great opportunity to apply this method to routine blood analysis in daily clinical practice.
In conclusion, fasting concentrations of a-hydroxybutyrate and the time courses of a-hydroxybutyrate and BCAAs in response to a glucose challenge characterize IR in youth. Furthermore, alterations of a-hydroxybutyrate metabolism predict incipient deterioration of b-cell function and longitudinal worsening of glycemic tolerance. These findings provide strategies for early risk stratification of adolescents with a high likelihood of developing impaired glucose metabolism and point toward mechanisms involved in the progression of IR that warrant further investigation in the future.
